CLINICAL AND VACCINE IMMUNOLOGY, Jan. 2008, p. 106-114
1556-6811/08/$08.00+0 doi:10.1128/CVI1.00223-07

Vol. 15, No. 1

Utility of Composite Reference Standards and Latent Class Analysis in
Evaluating the Clinical Accuracy of Diagnostic Tests for Pertussis"
Andrew L. Baughman,'* Kristine M. Bisgard,” Margaret M. Cortese," William W. Thompson,’

Gary N. Sanden,'} and Peter M. Strebel

National Center for Immunization and Respiratory Diseases," Office of Workforce and Career Development,>
and Office of the Director,” Centers for Disease Control and Prevention, Atlanta, Georgia

Received 31 May 2007/Returned for modification 28 August 2007/Accepted 25 October 2007

Numerous evaluations of the clinical sensitivity and specificity of PCR and serologic assays for Bordetella
pertussis have been hampered by the low sensitivity of culture, the gold standard test, which leads to biased
accuracy estimates. The bias can be reduced by using statistical approaches such as the composite reference
standard (CRS) (e.g., positive if culture or serology positive; negative otherwise) or latent class analysis (LCA),
an internal reference standard based on a statistical model. We illustrated the benefits of the CRS and LCA
approaches by reanalyzing data from a 1995 to 1996 study of cough illness among 212 patients. The accuracy
of PCR in this study was evaluated using three reference standards: culture, CRS, and LCA. Using specimens
obtained 0 to 34 days after cough onset, estimates of the sensitivity of PCR obtained using CRS (47%) and LCA
(34%) were lower than the culture-based estimate (62%). The CRS and LCA approaches, which utilized more
than one diagnostic marker of pertussis, likely produced more accurate reference standards than culture alone.
In general, the CRS approach is simple, with a well-defined disease status. LCA requires statistical modeling
but incorporates more indicators of disease than CRS. When three or more indicators of pertussis are

available, these approaches should be used in evaluations of pertussis diagnostic tests.

Despite the availability of an effective pertussis vaccine since
the mid-1940s, pertussis (Whooping cough) remains endemic in
the United States. In 2004, a total of 25,827 pertussis cases
were reported to the Centers for Disease Control and Preven-
tion (CDC) (24). Adolescents and adults accounted for the
majority (67%) of reported cases. Laboratory diagnosis of per-
tussis is particularly difficult in these age groups, thereby lim-
iting detection and control.

For patients suspected of having pertussis, two types of clin-
ical samples can be tested: a nasopharyngeal (NP) specimen
for the isolation of Bordetella pertussis or for a PCR assay for
B. pertussis DNA and a serum sample for the measurement of
antibodies to B. pertussis antigens (11).

B. pertussis isolation by microbial culture is the conventional
gold standard for confirming pertussis (37, 60). Most studies
have derived sensitivity and specificity estimates of PCR or
serologic tests using culture results as the gold standard (37).
Sensitivity is the proportion of the true diseased patients clas-
sified as positive, and specificity is the proportion of the true
nondiseased patients classified as negative (62). However, cul-
ture is an insensitive test, because the organism is fastidious
and often not recoverable from the nasopharynx more than 3
weeks after cough onset (37). Because culture has low sensi-
tivity, it cannot be used to determine the true specificity of
other or new pertussis tests. Both PCR assays for B. pertussis
DNA and serologic assays for antibodies to B. pertussis anti-
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gens have not been standardized, and their sensitivity and
specificity are incompletely defined (27, 37, 41, 60).

Consider a diagnostic test under investigation, hereafter re-
ferred to as the index test. If culture for pertussis is assumed to
be <100% sensitive and 100% specific and culture is used as
the gold standard for assessing the index test, then the index
test’s sensitivity estimate will be unbiased but the specificity
estimate will be biased in the direction of lower estimates (38,
46, 53, 62). This bias, referred to as the imperfect gold standard
bias (62), occurs because some index test-positive results from
truly infected persons will have been falsely negative by cul-
ture. Under the assumption that the index test and culture are
conditionally independent, the negative bias of the specificity
estimate increases as the sensitivity of culture decreases and as
the prevalence of pertussis increases (46) (Fig. 1).

Biased estimates of an index test’s performance parameters
can have a substantial impact on patient management, public
health response, and epidemiologic research (21). In general,
the magnitude and direction of the potential bias in sensitivity
and specificity based on an imperfect gold standard depend on
whether the index test and gold standard tend to misclassify the
same patients. When the classification errors caused by the index
test and gold standard are independent, the estimates of sensitiv-
ity and specificity of the index test will be less than their true
values (38, 62) (Fig. 2). However, when the classification errors
caused by the index test and gold standard are dependent, the
estimates of sensitivity and specificity can be biased in either
direction (38, 50, 62). These patterns of bias can be illustrated by
pointwise nonsampling intervals for sensitivity and specificity that
reflect the maximum possible values of these parameters due to
misclassification (Fig. 2). If the classification errors tend to occur
in the same patients (positive dependence), then sensitivity and
specificity will be overestimated (51, 53).
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FIG. 1. Example of the observed specificity of a diagnostic test
versus the prevalence of disease, by the sensitivity of culture, assuming
a culture specificity of 100% and conditional independence between
the diagnostic test and culture. Adjustment formulas for the observed
specificity also assume a diagnostic test specificity of 85% and a diag-
nostic test sensitivity of 75% (46).

In the absence of a gold standard that has both high sensi-
tivity and high specificity, few options exist to evaluate the
accuracy of diagnostic tests. One option is to use a combination
of several imperfect tests to define a better reference standard,
a composite reference standard (CRS) (1). Another option is
latent class analysis (LCA), which involves fitting a statistical
model using all available diagnostic tests to define an internal
reference standard (17, 23, 59). For both analytic approaches it
is assumed that additional cases could be detected and consid-
ered true cases using the new reference standard.

Standardized PCR and serologic assays for diagnosing per-
tussis currently are under development (4, 10, 60). The evalu-
ation of the accuracy of these assays will require a reference
standard with both high sensitivity and specificity. In this re-
port, we outline methods for the two alternative reference
standards, CRS and LCA, illustrate them for evaluating a
PCR assay by using data from a previously published study
of pertussis in adolescents and adults, and make recommen-
dations for their use.

MATERIALS AND METHODS

Several methods exist for reducing imperfect gold standard bias.

Discrepant analysis. In several evaluations of diagnostic tests for detecting B.
pertussis infection, investigators have attempted to improve the sensitivity of
culture by performing discrepant analysis (30, 57). A typical discrepant analysis
involves the selective testing of the index test-positive, gold standard-negative
specimens with a third, resolver test, which is considered a perfect gold standard
(100% specific and 100% sensitive) (1, 52). If the resolver test result is positive,
then it is considered a true positive (19); this reclassification leads to a modified
or expanded gold standard that is based in part on the results of the index test
(1). The incorporation of the results of the index test also can occur in other
forms of discrepant analysis, in which an expanded gold standard is created by
resolving discrepant specimens with patient histories (30). The incorporation of
the results of the index test into the gold standard results, a phenomenon termed
incorporation bias, typically overestimates the accuracy of the index test (39, 62).
Thus, the selective testing or resolving in discrepant analysis merely substitutes
incorporation bias for imperfect gold standard bias (35). To prevent incorpora-
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FIG. 2. (a) Example of the observed sensitivity of a diagnostic test
versus the prevalence of disease, when the assumption of conditional
independence between the diagnostic test and an imperfect gold stan-
dard may or may not be met. The solid line indicates the assumed level
of sensitivity of the diagnostic test. The short-dashed line indicates the
observed sensitivity assuming conditional independence calculated by
adjustment formulas (46). The long-dashed lines indicate the pointwise
nonsampling intervals for the observed sensitivity assuming diagnostic
test-gold standard dependence. Formulas for the nonsampling inter-
vals assume a diagnostic test sensitivity of 75%, a gold standard sen-
sitivity of 95%;, and a gold standard specificity of 95% (50). (b) Exam-
ple of the observed specificity of a diagnostic test versus the prevalence
of disease, when the assumption of conditional independence between
the diagnostic test and an imperfect gold standard may or may not be
met. The solid line indicates the assumed level of specificity of the
diagnostic test. The short-dashed line indicates the observed specificity
assuming conditional independence calculated by adjustment formulas
(46). The long-dashed lines indicate the pointwise nonsampling inter-
vals for the observed specificity assuming diagnostic test-gold standard
dependence. Formulas for the nonsampling intervals assume a diag-
nostic test specificity of 85%;, a gold standard sensitivity of 95%, and a
gold standard specificity of 95% (50).

tion bias, investigators advocate study designs in which all diagnostic tests are
applied to each subject (18, 29, 31, 35, 36).

CRSs. To reduce imperfect gold standard bias but avoid incorporation bias,
Hadgu (20) and Miller (35, 36) suggested combining multiple tests to improve
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TABLE 1. Notation of variables used in a composite reference
standard that combines culture with a resolver test to evaluate
performance of a diagnostic test for pertussis®

Variable when comparison test result was’:

Stage Diagnostic Positive Negative

test result

Notation Data Notation Data

example example

1 Positive n, . 5 n,_ 5

Negative n_ 3 n__ 199

Total n,,+n_, 8 n,_+n__ 204

2 Positive n,_, 2 n,__ 3

Negative n__ 5 n___ 194

Total n,_, +n__, 7 n,__+n___ 197

“ See Table 2 for specificity and sensitivity formulas that use these variables.

® The comparison test of stage 1 is culture. Only culture-negative results are
subject to stage 2 testing (the comparison test at stage 2 should be defined by
investigators). Culture-negative results in stage 1 are classified according to the
results of the resolver test in stage 2 (1). The data examples (values are numbers
of samples) are from a previous study in which the CRS combined culture with
1gG-PT to evaluate the accuracy of PCR in a previous study of 212 subjects (48).

the single best reference test. For example, a test with high specificity but poor
sensitivity (e.g., culture) could be combined with another test with higher sensi-
tivity (e.g., serology) to provide a relatively accurate CRS. The CRS can be
formulated in the framework of a two-stage study design (1). In the first stage, all
specimens are tested by the index test (e.g., PCR) and culture, but in the second
stage, only those specimens that are culture negative are tested by the resolver
test (e.g., serology) (Tables 1 and 2). The CRS is defined as positive if the
specimen tested positive by either culture or the resolver test and is defined as
negative if the specimen tested negative by both tests. The CRS also can be
implemented in single-stage studies (33) and by combining more than two lab-
oratory tests and clinical findings (28). Large-sample confidence intervals can be
calculated for estimates of sensitivity and specificity (14).

The resolver test for forming a CRS can be chosen on the basis of the results
of prior studies, clinical judgment, and an item analysis of all available diagnostic
tests. Item analysis was developed to identify a final set of items (survey ques-
tions) in constructing a new psychological or achievement test (12). Item analysis
can be adapted for diagnostic test evaluation to help determine which diagnostic
test best discriminates between diseased and nondiseased persons. Consider a
study design that involves J (=3) diagnostic tests (Y}, Y5, ..., Y)) rating each
subject on a binary scale (1 = positive; 0 = negative). In an item analysis of
diagnostic tests, the total score on all the diagnostic tests (2Y) is used as the
operational definition of the disease likelihood level, which is considered to be a
continuous variable. The association between the total score and the score on the
jth diagnostic test (Y;) is evaluated by the point biserial correlation (5). Higher
values of the correlation indicate a stronger association between the disease
likelihood level and a positive diagnostic test result.

LCA for assessing relative accuracy of diagnostic tests. A second valid ap-
proach for reducing imperfect gold standard bias is LCA. LCA is a mathematical
correction that involves fitting a latent class model using data from all available
diagnostic tests (32, 59). All diagnostic tests, including the gold standard, are
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FIG. 3. (a) Conditional independence latent class model. The ob-
served measurements made by diagnostic tests (Y;j = 1, ..., J) are
independent, given the common latent variable for subject disease
status (X). If an association is observed among diagnostic tests, then it
is entirely attributable to the common factor X. (b) Example of a
dependence latent class model that includes a bivariate association
between Y, and Y,. The observed association between Y, and Y,
cannot be entirely explained by the common factor X.

LR

regarded as imperfect. The latent class model assumes that for a randomly
selected subject, the unobserved true state of disease, the latent variable (X),
influences the observed measurements made by J diagnostic tests (Fig. 3a). The
model makes two key assumptions, which are described below.

Assumption 1. The study population consists of two internally homogeneous
subpopulations or latent classes. These two latent classes are mutually exclusive
and exhaustive and represent the latent diseased (X = 1) and nondiseased (X =
0) populations. Subjects in the same latent class are assumed to be homogeneous
with respect to the likelihood of disease. For example, consider the observed
two-by-two table defined by Y, and Y,. The joint probability for the row-1,
column-1 cell of the table can be factored by the rule of total probability (14):

PY,=1,Y,=1)=P(Y,=1,Y,= 1|)X=DP(X =1)
+PY,=1,Y, = 1|X = 0)P(X = 0) (1)

where P(X = 1) + P(X = 0) = 1.

Assumption 2. Y; is independent of Y}, j # ', given X. This is an assumption
of conditional independence of the diagnostic tests, given the true disease status
of the subject. This assumption means that an observed measurement made by
a diagnostic test depends only on the true disease status of the subject and not

TABLE 2. Notation of formulas for calculating sensitivity and specificity of a composite reference standard that combines culture with a
resolver test to evaluate performance of a diagnostic test for pertussis®

Formula for:

Stage Sensitivity Specificity
Notation Data example Notation Data example
1 n,/(n,, +n_y) 5/(5 + 3) = 0.625 n__/(n__ +n,_) 199/(199 + 5) = 0.975
2 my, +n, Hn  tn, .+ S +2)/(5+2+3+5)=04067 n___/n___+n,__) 194/(194 + 3) = 0.985

no,+n__,)

“ Table 1 lists individual variables used in sensitivity and specificity formulas. The data examples are from a previous study in which the CRS combined culture with

IgG-PT to evaluate the accuracy of PCR in a previous study of 212 subjects (48).
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TABLE 3. Item analysis for determining which indicator of
pertussis to combine with culture for evaluation of PCR
in a previous pertussis study of 212 subjects (48)

Indicator of pertussis Positive
and candidate for Point biserial
combining with No. of % of correlation”
culture subjects subjects

Indicator
Culture 8 3.8 NA
PCR 10 4.7 NA

Candidates
IgG-PT 13 6.1 0.88
IgA-PT 6 2.8 0.65
IgG-FHA 21 9.9 0.83
IgA-FHA 16 7.5 0.80
Clinical case” 180 84.9 0.41

“ Pearson product moment correlation between the indicator score (1 = pos-
itive; 0 = negative) and the total score for the seven indicators listed in this table
(range, 0 to 7). NA, not applicable.

® Cough illness of =14 days’ duration with one or more episodes of paroxysms
of coughing, whoop, or posttussive vomiting.

on the measurements of other diagnostic tests or on any covariate (Fig. 3a).
Thus, the diagnostic tests make classification errors independently of each other,
irrespective of disease status. For the observed two-by-two table of Y; and Y, this
assumption allows the joint probability in equation 1 to be factored further into
an expression that includes conditional probabilities (a sensitivity parameter and
a specificity parameter for each diagnostic test) and latent class probabilities
(represented by a single prevalence parameter):

PY,=1,Y,=1)=PY,=1|X=DP(Y,=1|X = DP(X = 1)
+P(Y, = 1]X = 0)P(Y, = 1|X = 0)P(X = 0)
= Sey,Sey, Prevalence + (1 — Spy,)(1 — Spy,)(1 — Prevalence) (2)

Under the two assumptions of this model, termed the conditional independence
model, the joint probability or likelihood for J diagnostic tests can be similarly
developed, and parameters can be estimated by maximum likelihood. The latent
class model requires at least three diagnostic tests to have enough degrees of
freedom in the observed data table (e.g., a two-by-two-by-two table) to estimate
all of the parameters. Four or more diagnostic tests are required for models that
include bivariate associations between diagnostic tests to account for conditional
dependence (Fig. 3b). For example, culture and PCR may be positively depen-
dent due to correlated classification errors among the same truly infected sub-
jects; some infected subjects may be falsely negative for B. pertussis by both
culture and PCR if too few bacteria exist in the nasopharynx (such as when an NP
specimen is obtained >3 weeks after cough onset) or if the NP specimens are
inadequately obtained or poorly handled, among other reasons (34).
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The requirements for the number of diagnostic tests can be relaxed by re-
stricting values of parameters to certain values or by restricting two or more
parameters to have equal values (32, 59). The conditional independence model
and models that account for conditional dependence between pairs of diagnostic
tests can be fit using Latent GOLD software (55). A final model can be selected
based on the value of the Bayesian information criterion, with smaller values
representing better fits (32).

The results of fitting a latent class model to data from multiple diagnostic tests
can be used to predict the disease status of individual study subjects (2, 3). Bayes’
rule can be used to calculate the posterior probability that a subject is in the
latent diseased population, given the subject’s observed results on the multiple
diagnostic tests.

Data example: prospective study of pertussis disease burden in adolescents
and adults. A prospective study conducted among members of a managed care
organization in Minneapolis/St. Paul, MN, measured the pertussis disease burden in
adolescents and adults (48). Between January 1995 and December 1996, 212 persons
aged 10 to 49 years who presented with an acute paroxysmal cough or a persistent
cough illness of 7 to 34 days’ duration were enrolled in the study. At enrollment, NP
swab specimens were obtained for culture and PCR, and a first serum specimen was
obtained. A second serum specimen was obtained =3 weeks later. Serum samples
were assayed by an enzyme-linked immunosorbent assay for immunoglobulin G
(IgG) and IgA against pertussis toxin (PT) and filamentous hemagglutinin (FHA),
resulting in four types of serological test results: IgG-PT, IgA-PT, IgG-FHA, and
IgA-FHA. The results of several laboratory tests were available: culture, PCR, and
=2-fold increases in IgG-PT, IgA-PT, IgG-FHA, or IgA-FHA. Culture and PCR
were performed in separate locations within the Minnesota Department of Health
Laboratory, and the serologic assays were performed at Vanderbilt University (TN)
(48). The method used for the conventional PCR assay was described by van der Zee
et al. (54); primer pairs were based on insertion sequence elements IS487 (specific
for B. pertussis) and 1S1001 (specific for B. parapertussis). In addition to laboratory
test results, classification by the pertussis clinical case definition was available (9). A
clinical case was defined as a cough illness of =14 days’ duration with one or more
of the following symptoms: paroxysms of coughing (coughing spells with the inability
to breathe during the spells), inspiratory whoop, or posttussive vomiting.

We analyzed these data by considering PCR to be the index test for illustrative
purposes only. The sensitivity and specificity of PCR were estimated using cul-
ture results as the gold standard, a CRS, and LCA.

RESULTS

Of 212 study subjects, 180 (85%) subjects met the clinical
case definition, 8 (3.8%) were culture positive, and 10 (4.7%)
were PCR positive (Table 3). Of 13 subjects with positive
results by culture or PCR, 5 subjects had positive results by
both tests. The serology tests tended to identify a higher pro-
portion of positive results (Table 3).

Culture results as the gold standard. When culture was used
as the gold standard test, PCR had a sensitivity of 62% and a
specificity of 98% (Table 4). IgG-PT had good sensitivity

TABLE 4. Sensitivity and specificity of indicators of pertussis in a previous pertussis study of 212 subjects (48) based on
culture results, a CRS, and LCA

Culture” CRS” LCA®
Indicator of
pertussis Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
(SE) (SE) (SE) (SE) (SE) (SE)
Culture NA NA NA NA 0.339 (0.113) 0.990 (0.007)
IgG-PT 0.750 (0.153) 0.966 (0.013) NA NA 0.732 (0.110) 0.999 (0.001)
IgA-PT 0.250 (0.153) 0.980 (0.010) 0.400 (0.126) 1.000 0.338 (0.113) 0.999 (0.001)
IgG-FHA 0.750 (0.153) 0.926 (0.018) 0.867 (0.088) 0.959 (0.014) 0.971 (0.042) 0.980 (0.010)
IgA-FHA 0.625 (0.171) 0.946 (0.016) 0.733 (0.114) 0.975 (0.011) 0.843 (0.091) 0.995 (0.006)
Clinical case” 1.000 0.157 (0.026) 1.000 0.162 (0.026) 0.942 (0.057) 0.159 (0.026)
PCR 0.625 (0.171) 0.975 (0.011) 0.467 (0.129) 0.985 (0.009) 0.339 (0.113) 0.979 (0.010)

¢ Culture was the gold standard. NA, not applicable.

» The CRS was defined as positive if culture or IgG-PT was positive; otherwise, the CRS was defined as negative.
¢ The latent class model included all seven indicators of pertussis and a bivariate association between culture and PCR.
@ Cough illness of =14 days’ duration with one or more episodes of paroxysms of coughing, whoop, or posttussive vomiting.
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TABLE 5. LCA of seven indicators of pertussis in a previous
pertussis study of 212 subjects (48)“

Response  Observed Expected Standardized POStér.l or Predicted
pattern®  frequency frequency residual® probabql‘t_)‘/cof laf‘?'f(}
pertussis class

1111111 1 0.85 0.16 1.000 1
1110111 2 1.67 0.26 1.000 1
1110101 1 0.31 1.24 1.000 1
1100001 1 0.43 0.87 0.008 0
1011111 1 0.29 1.30 1.000 1
1010111 1 0.58 0.56 1.000 1
1000001 1 1.21 —0.20 0.001 0
0111111 1 0.29 1.30 1.000 1
0110101 1 0.11 2.72 0.999 1
0100001 3 2.85 0.09 0.000 0
0011111 3 1.94 0.76 1.000 1
0010111 2 3.80 —0.92 1.000 1
0000111 3 1.41 1.34 0.988 1
0000110 1 0.09 3.04 0.964 1
0000101 4 3.34 0.36 0.078 0
0000011 1 0.89 0.12 0.047 0
0000001 154 154.7 —0.06 0.000 0
0000000 31 29.3 0.31 0.000 0

¢ The latent class model included all seven indicators of pertussis and a biva-
riate association between culture and PCR.

b Response pattern represents the cross-classification of the seven binary in-
dicators (1 = positive; 0 = negative) in the following order: culture, PCR,
1gG-PT, IgA-PT, IgG-FHA, IgA-FHA, and clinical case definition.

¢ Posterior probability of pertussis was derived by Bayes’ rule using latent class
model parameter estimates.

4 Predicted latent class was defined as diseased (class 1) if the posterior
probability of pertussis was >0.5; otherwise, the predicted latent class was non-
diseased (class 0) (3).

¢ The standardized residual was determined with the formula (O — E)\VE,
where O is the observed frequency and E is the expected frequency.

(75%) and specificity (97%); none of the other serological tests
performed as well as IgG-PT on both sensitivity and specificity.
The pertussis clinical case definition had perfect sensitivity
(100%) but was not specific (16%).

CRS. Given the known low sensitivity of culture, an item
analysis was performed to help determine which indicator of
pertussis to combine with culture results in a CRS. For this
analysis, the six laboratory tests and the clinical case definition
for pertussis were used to create a total score (range, 0 to 7).
IgG-PT had the highest correlation with the total score (0.88)
(Table 3). The correlations with the total score for IgG-FHA
(0.83) and IgA-FHA (0.80) were relatively high; the lowest
correlation occurred with the clinical case definition (0.41).

On the basis of these results and considering that PT is the
most specific B. pertussis antigen tested (11), IgG-PT was cho-
sen as the resolver test and was combined with culture in a
CRS. Based on the CRS, the sensitivity of PCR was 47%,
which was lower than that based on culture (62%), but the
specificity of the two tests was the same (98%) (Table 4). The
estimates of sensitivity and specificity based on the CRS for the
other serology tests were higher than those based on culture.

LCA. An LCA was performed based on the cross-classifica-
tion of results for all six laboratory tests and the clinical case
definition (Table 5). Of 27 (12.7%) patients with at least one
positive laboratory test result, all except one patient met the
clinical case definition; this patient was positive only for IgG-
FHA and IgA-FHA. After the conditional independence
model was fitted, a large (statistically significant) bivariate re-
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sidual was found for the culture-PCR association, so a second
model that added a separate parameter for conditional depen-
dence between culture and PCR was fitted. This model had a
lower value of the Bayesian information criterion than the
conditional independence model, and none of its bivariate
residuals was large, suggesting a good fit of the model. The
parameter estimates for the model were virtually identical to
those for the conditional independence model. Based on the
results of the conditional dependence model, PCR had a sen-
sitivity of 34% and a specificity of 98% (Table 4). Culture and
IgA-PT had relatively low sensitivity (34%), whereas the clin-
ical case definition (94%) and IgG-FHA (97%) had relatively
high sensitivity. All indicators except the case definition were
relatively specific. IgG-PT and IgA-PT had the highest speci-
ficity (99.9%). The latent class model also provided an estimate
of the prevalence of pertussis based on all seven indicators of
pertussis (estimate, 8.4%; standard error, 1.9%).

For each observed response pattern, the results of the latent
class model were used to calculate a posterior probability of
pertussis (Table 5). If the posterior probability was >0.50, then
subjects with that observed response pattern were classified as
diseased (3). A total of 17 subjects were thus classified as
diseased based on the latent class model, whereas 8 subjects
were positive by culture and 15 subjects were positive by CRS.
Two of the eight culture-positive subjects, one with a PCR-
negative result and both with all serologic assays negative, had
very low posterior probabilities of pertussis and were classified
as nondiseased (Table 5). When the parameter for the speci-
ficity of culture was constrained to equal 1 in another latent
class model (i.e., all eight culture-positive subjects were re-
stricted to membership in the diseased latent class), all of the
estimates of specificity for the other indicators of pertussis
were virtually identical to the original estimates. The estimate
of sensitivity changed only slightly for the PCR and clinical
case definition, but it was higher for culture (a change from 34
to 38%) and was 6 to 12 percentage points lower for the four
serology tests. The prevalence estimate increased from 8.4 to
10.0%.

Because the timing of specimen collection is a major deter-
minant for culture, PCR, and antibody detection tests (41, 47,
48), we evaluated the performance of PCR within two sub-
groups of subjects defined by the interval between cough onset
and enrollment (NP swab and first serum specimen): 0 to 13
days and 14 to 34 days (Table 6). With seven culture-positive
samples in the 0- to 13-day interval but only one in the 14- to
34-day interval, the culture-based estimate of sensitivity was
not reliable for the 14- to 34-day interval; the culture-based
estimate of specificity did not vary by interval. However, results
of both the CRS and LCA suggested that the sensitivity of
PCR was significantly higher when the NP specimens were
collected during the first 2 weeks of illness than when they were
collected later in the course of illness (Table 6).

DISCUSSION

The laboratory diagnosis of pertussis is challenging, partic-
ularly for adolescents and adults, because the conventional
gold standard, culture, is insensitive in these age groups (37).
Significant research efforts recently have been devoted to de-
veloping a PCR and serologic assays to complement culture in
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TABLE 6. Sensitivity and specificity of PCR in a previous pertussis study of 212 subjects (48) by the interval between cough onset and
enrollment (NP swab and first serum specimen)

No. (%) of Culture” CRS? LCA®
Interval (d Sample bjects PCR
nterval (days) size subjects Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
positive (SE) (SE) (SE) (SE) (SE) (SE)
0-13 114 7(6.1)  0571(0.187)  0.972(0.016)  0.600 (0.155) 0990 (0.010)  0.634 (0.156)  0.990 (0.010)
14-34 08 330 1000 0.979 (0.014)  0200(0.179)  0.978 (0.015)  0.002 (0.014)  0.966 (0.019)
Total 212 1047  0.625(0.171)  0975(0.011)  0.467(0.129)  0.985(0.009)  0.339 (0.113)  0.979 (0.010)

¢ Culture was the gold standard.

> The CRS was defined as positive if culture or IgG-PT was positive; otherwise, it was defined as negative.
¢ The latent class model for each interval and for the total included all seven indicators of pertussis; however, the model for the 14- to 34-day interval and that for

the total also included a bivariate association between culture and PCR.

diagnosing pertussis (41). Unless a gold standard with high
sensitivity and specificity is used in evaluating a newly devel-
oped assay, the performance of the assay will be misrepre-
sented and the consequent use of the assay will not be
optimized.

CRSs and LCA are scientifically and statistically valid alter-
natives to using culture results as the gold standard in diag-
nostic accuracy studies. In our data example, they led to much
lower estimates of sensitivity of PCR (47 and 34%, respec-
tively) than the culture-based estimate (62%). The culture-
based estimate of sensitivity was biased higher due to the
positive dependence in classification by PCR and culture. We
believe that the CRS and LCA provided a more accurate
indicator of disease than culture results alone, because they
defined disease status by using additional markers of disease.
For instance, information on five subjects with positive IgG-PT
results who tested negative by culture and PCR (Tables 1 and
2) was used to define pertussis in both the CRS and LCA
approaches. In prior studies of pertussis in adolescents and
adults that were based on case definitions that combined cul-
ture, PCR, and serologic results, it was found that the PCR
sensitivity estimates were less than 50% (61).

The data example was limited by few positive results by
culture (n = 8) or PCR (n = 10). For this reason, the results
from our analysis on the performance of PCR as a diagnostic
test may not be generally applicable, particularly in the period
of 14 to 34 days after cough onset. In addition, the PCR and
serologic assays used in the pertussis study were not standard-
ized. These limitations are common to published evaluations of
pertussis diagnostic tests. The CDC currently is working to
optimize PCR for detecting B. pertussis DNA and also is work-
ing with the Food and Drug Administration to optimize sero-
logic assays for B. pertussis antigens (10).

Several practical aspects of implementing the CRS approach
deserve mention. An appropriate CRS for defining pertussis
requires a highly sensitive resolver test to improve upon the
low sensitivity of culture. The resolver test also must be spe-
cific, because the CRS assumes that the resolver test, as well as
culture, is highly specific. Under these assumptions, the CRS
will increase the sensitivity relative to that of culture and the
resolver test but will remain highly specific (38). In the data
example, the choice of IgG-PT as the resolver test was aided by
performing an item analysis. The item analysis suggested that
IgG-FHA and IgA-FHA also were good candidates for the
resolver test. However, FHA antibody tests would not be good

choices for the resolver test, because FHA antibodies also are
observed in response to infection with other Bordetella species
(4, 37). The two-stage framework of the CRS in which the
resolver test was applied to all culture-negative results was
used in the data example because of sparse data (Tables 1 and
2). Additional study designs for the CRS are based on sampling
from the cells of the two-by-two table of the index test by
culture results (1, 22).

The LCA approach is more complicated than the CRS ap-
proach, because it involves fitting a statistical model that mod-
els unobserved data, the latent disease status. Latent class
models attempt to provide an approximation of the diagnostic
truth based on the results of all available diagnostic tests,
recognizing that the true classification of a person’s disease
status is unknown and can be defined only theoretically. Thus,
a sensible analysis strategy would be to include in the model
indicators of disease that are based on different biologic or
physiologic phenomena. An additional advantage of latent
class models over CRSs in this respect is that they do not
require assumptions about the specificity of the resolver or any
other test.

Latent class models have other advantages over the CRS
approach. They allow the estimation of sensitivity and speci-
ficity of each diagnostic test included in the model. In addition,
they provide estimates of disease prevalence, but it is impor-
tant to note that the prevalence estimate depends on the pa-
tient sample as well as the particular variables included in the
model. In the Minnesota pertussis study, 3.8% of the subjects
were culture positive, and 12.7% had positive results on at least
one laboratory test; the pertussis prevalence estimate was 8.4%
based on the latent class model containing seven indicators of
disease (Table 4). Lastly, latent class models may provide more
reliable estimates of diagnostic performance than other ap-
proaches, because they model all of the available diagnostic
information. In the subgroup analysis defined by the interval
between cough onset and the first specimen collection, the
latent class models indicated that, like culture, PCR was a
more sensitive diagnostic test earlier in the patient’s course of
illness. This finding is consistent with results of previous per-
tussis studies (47, 48).

Although in the data example the latent class models were
developed for the results of culture from all study subjects,
latent class models also can be developed when culture is
performed only for subjects with positive results on some other
indicator(s) (58). However, they may require substantial
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TABLE 7. Comparison of analysis approaches for evaluating the clinical accuracy of pertussis diagnostic tests

Analysis approach or
reference standard

Sample of subjects assessed by
each indicator of disease”

Comments Recommendations

Culture (reference standard) All subjects

Selective testing of index test-
positive/culture-negative
subjects, or of all
discordant results

CRS All subjects (1), or subjects

sampled from cells in a
two-by-two table of index
test and culture (1, 22)

LCA All subjects (59), or reference

test applied to index test-

positive and other test(s)-

positive subjects (58)

Discrepant analysis

LCA with incorporation of prior
information

Assuming values of sensitivity/
specificity for reference or
other test(s)

Bayesian analysis, assuming a
prior distribution for values
of sensitivity/specificity of
each test and prevalence of
disease

All subjects (16, 59, 62)

All subjects (13, 15, 25)

Low sensitivity (12-60%) Define additional true positives by
(60) combining culture results with
other indicators of disease using
the CRS and LCA analysis
approaches
Hard to justify or defend; Not recommended
leads to biased
accuracy estimates
(19, 20)
Simple approach; disease
status is well defined

When an indicator of disecase with
high sensitivity and specificity is
available, combine with culture
results to form a CRS

Use when at least three indicators
of disease are available; assess
conditional independence
assumption of model when four
or more indicators are available

Statistical modeling
required; incorporates
more indicators of
disease than CRS

Can use different sets of
assumed values in a
sensitivity analysis

More complicated and
involves more analysis
assumptions than non-
Bayesian analysis

Implement after a thorough
review and summary of
literature

A good alternative for formally
summarizing and incorporating
results from prior studies

¢ Indicator of disease could be any diagnostic test or case definition. Index test is the diagnostic test under investigation.

amounts of data to avoid the estimation problems associated
with the identifiability of models. A latent class model is iden-
tifiable if one solution to the likelihood equations exists. Even
if the model is identifiable, the parameters may not be esti-
mated uniquely because of a small sample size, sparseness in
the observed data table, or an unusual pattern of observed
data. To prevent boundary value problems and the nonexist-
ence of maximum likelihood estimates, the Latent GOLD pro-
gram uses Dirichlet priors with user-defined parameters for the
latent and conditional response probabilities and a hybrid ex-
pectation-maximization/Newton-Raphson model-fitting algo-
rithm (56). Recent applications of LCA have been useful for
studies with sample sizes of about 150 subjects evaluated by
four or five diagnostic tests (6, 8).

If one is willing to make further analysis assumptions about
the clinical sensitivity and specificity values of the reference
standard, then this information may be incorporated into an
LCA (16, 59, 62). For example, when we assumed that culture
was 100% specific and fit another latent class model for the 0-
to 34-day interval, the accuracy estimates for PCR did not
change, but the number of culture positives in the pertussis
study was small. In other settings, this approach may be useful
for determining the possible range of values for the index test
under different assumptions about the accuracy of the refer-
ence standard. A more comprehensive approach to incorpo-
rating prior information on the accuracy of the reference stan-
dard would be to assume a prior distribution for sensitivity and
specificity values in a Bayesian analysis (13, 15, 25).

Recommendations for evaluations of diagnostic tests. Table
7 compares all of the analysis approaches and provides recom-
mendations for their use. Discrepant analysis should not be
used in evaluating diagnostic tests for pertussis, because it
violates a fundamental principle of diagnostic test evaluation:
the reference standard should not incorporate any test result
that depends on the results of the diagnostic test. The accep-
tance of this principle is challenging when evaluating a diag-
nostic test that truly is more sensitive than the conventional
standard (culture) or even a perfect test; such a test will iden-
tify as diseased some individuals who were classified as non-
diseased by the gold standard (42—-45). Culture for B. pertussis
has near-perfect specificity but poor sensitivity. PCR assays
potentially can detect a single copy of B. pertussis target DNA
(26), and prior pertussis studies have found that PCR assays,
when performed with the appropriate laboratory control re-
agents, have high diagnostic sensitivity (37). However, they can
yield false-positive results for several reasons, including clinical
or laboratory contamination (7, 27, 34, 49). Numerous false-
positive PCR results occurred in three recent outbreaks of
respiratory illness mistakenly attributed to pertussis (10).
False-negative results of PCR assays also are possible for a
variety of reasons, not all of which can be rigorously controlled
(34). Standardized serologic assays might be sensitive and spe-
cific enough to be utilized in diagnostic test evaluations, given
that the variability inherent in these quantitative assays does
not exceed the minimal levels for acceptance criteria (40).

No single laboratory test or clinical finding used to define
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pertussis is perfect. One prudent analysis strategy for reducing
imperfect gold standard bias is to combine serology, PCR, or
clinical findings with culture results in a CRS; combining the
results of additional markers of pertussis with culture results
likely will provide a more accurate definition of disease. Be-
cause each laboratory test and clinical case definition adds
different information about disease, LCA is attractive because
it includes the results of all tests, including the index test.

In conclusion, the CRS and LCA approaches were useful for
evaluating the relative accuracy of PCR and other diagnostic
tests for pertussis in a prior pertussis study. These approaches
likely provided more accurate reference standards than culture
results alone and should be used in evaluations of diagnostic
tests for pertussis. The best way forward is to ensure close
interdisciplinary collaboration among clinicians, laboratorians,
and statisticians.
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